Abstract
, S2). The changes observed in esx-1 and lipid-metabolism-associated 175 genes at the mRNA and protein levels were not unexpected; it has been reported previously 176 that ESX-1-dependent protein secretion and mycolic acid synthesis are critically linked [25] . 177
However, we also noted a surprisingly broad impact of ESX-1 mutation on major 178 biosynthetic pathways, including ribosomal protein synthesis and DNA biosynthesis (Table  179 S1, S2). Down-regulation was observed at the mRNA and protein levels for several genes 180 encoding ribosomal proteins and DNA gyrase and a ribonucleotide-diphosphate reductase, 181 which are components of protein and DNA biosynthesis, respectively. We also identified 182 changes at both the mRNA and protein levels in genes involved in general stress response 183 (grpE, dnaK, groES, groEL1) , genes involved in stress response regulation (sigA, sigB, devS) , 184 members of the WhiB family (whiB2, whiB4, whiB6) and several PE_PGRS genes ( Figure 2 ). 185
A similar trend was observed for M. tuberculosis (Figure 2 ). In fact, of all the genes, the esx-186 1 genes encoding the substrates EsxA, EsxB and EspK were the most significantly down-187 regulated in the mutant strain ( Figure 2 , Table S3 ). However, in contrast to the levels in the 188 M. marinum mutant, the gene expression levels of eccB 1 and eccD 1 were also somewhat 189 wild-type and esx-1 mutant strains of M. marinum after 6 hours of infection. Wild-type 216 mycobacteria can escape the phagosome within two hours after infection, whereas esx-1 217 mutants are known to be limited to the phagosomal compartment. The intraphagosomal 218 transcriptome of the esx-1 mutant was compared with the intracellular transcriptome of wild-219 type M. marinum. Furthermore, these intracellular transcriptomes were also compared with 220 the transcriptome of wild-type M. marinum grown in standard broth culture. We identified 221 720 (p<0.05) genes in the esx-1 mutant that exhibited significant changes in expression after 222 THP-1 infection compared to the expression levels in the wild-type strain. Of these genes, 223 11 465 were down-regulated and 255 were up-regulated (Table S4 , Figure S5 ). Remarkably, 224 none of the genes within the esx-1 region were significantly differentially expressed in the 225 esx-1-mutant compared to the wild-type strain. However, we found a specific and pronounced 226 increase in the transcript levels of the espA operon in the intraphagosomal transcriptome of 227 the esx-1 mutant compared with the levels in the in vitro transcriptomes ( Figure 3A) . During 228 growth in culture medium, the mRNA levels of espA did not differ between the wild-type and 229 esx-1-deficient M. marinum strains, which was confirmed by quantitative RT-PCR (qRT-230 PCR) ( Figure 3B ). Therefore, these data suggest that proteins encoded by the espA operon, 231
i.e., EspA, EspC and EspD, play an important role in ESX-1-specific processes during the 232 first stages of macrophage infection. The espA operon was also induced in the wild-type 233 bacteria inside macrophages, albeit at a lower level. Perhaps this difference exists because the 234 wild-type bacteria are able to escape from the phagosome, whereas the esx-1 mutants are not. Figure 3C, D) . Furthermore, cpsY, a gene that encodes UDP-glucose 4-255 epimerases and is essential for linking peptidoglycans and mycolic acid [26] , exhibited a 256 pronounced increase in mRNA level in the intracellular esx-1 mutant (Table S4 , S5, S6, S7). 257
We also found that many genes associated with cell division and peptidoglycan assembly, 258 such as ftsE, ftsH, ftsW, murC, and murG [27, 28] , were down-regulated by intracellular 259 bacteria (Table S4 , S5, S6, S7). 260 A significant number of genes that code for proteins associated with lipid metabolism 261 and metabolic adaptation were differentially regulated in macrophages ( Figure S6A ). This 262 subset includes genes involved in fatty acid metabolism such as isocitrate lyase (icl), an 263 enzyme necessary for the glyoxylate cycle and required for intracellular survival [29, 30] , and 264 pckA, which encodes the phosphoenolpyruvate carboxykinase and is essential for 265 mycobacterial survival in both macrophages and mice [31, 32] and is involved in energy 266 metabolism ( Figure S6B ), and the KstR-dependent cholesterol regulon ( Figure S6C ), which 267 is involved in lipid degradation and carbon metabolism [33] . We also observed significant 268 effects of a number of genes involved in general stress response (groES, groEL1, hsp, ahp, 269 dnaK) , genes involved in stress response regulation (sigB, devR, devS, hspR, kstR) , members 270 of the WhiB family (whiB2, whiB3, whiB4, whiB, whiB6, whiB7) and alternative sigma 271 factors (sigE, sigL, sigM) in the esx-1 mutant during infection to macrophages. This pattern is 272 13 illustrated in Figure S6D We next sought to determine the molecular mechanism underlying the down-306 regulation of specific transcripts in esx-1 mutant strains of M. marinum. It is possible that the 307 decrease in mRNA levels is due to a regulatory effect at the transcriptional level. 308
Alternatively, mRNA derived from specific sequences may be degraded via a post-309 transcriptional mechanism. To investigate these possibilities, we expressed an extra copy of 310 the espL gene under the control of a constitutively active promoter in the wild-type and 311 eccCb 1 mutant strains of M. marinum and determined the espL gene transcript levels. We 312 found a similar increase in espL transcripts in both the wild-type and eccCb 1 mutant strains, 313 indicating that degradation of specific mRNA is probably not the cause of the decreased 314 mRNA levels in the mutant strain ( Figure 5A ). Expression levels of the downstream gene 315 espK were not affected by the introduction of espL. These results indicate that there is a 316 regulatory mechanism that prevents the transcription of genes encoding ESX-1 substrates and 317 associated proteins in the absence of a functionally active ESX-1. we overexpressed this protein in the ESX-1-deficient M. marinum eccCb 1 transposon mutant 399 strain. We found that particularly those genes that were already down-regulated in the mutant 400 strain, such as esxA and espK, showed even further transcriptional inhibition when whib6 401 levels were increased ( Figure 5D ). Furthermore, expression of eccD1 was unaltered by whib6 402 overexpression, indicating that whib6 is involved in the transcription of ESX-1 substrates and 403 associated genes but not of the components of the ESX-1 system. Surprisingly, whiB6 is one 404 of the genes that is down-regulated upon abrogation of ESX-1-mediated protein secretion. 405
WhiB6 may be activated when the ESX-1 machinery is blocked and represses genes 406 encoding ESX-1 substrates as well as its own gene. Together, our data suggests that ESX-1 407 regulation is even more complex than previously thought. 408
409

WhiB6 is required for the regulation of the ESX-1 system
410
To determine whether WhiB6 is required for ESX-1 regulation, we constructed a deletion 411 mutant of whiB6 both in the M. marinum WT strain and in the esx-1 mutant background (M. 412 marinum M . First, we analyzed the effect of 413 this mutation on all genes, except for the genes of the esx-1 locus. This analysis identified 34 414 genes (p<0.05) that were significantly downregulated in the esx-1 mutant strains ( Figure 6A ). 415
Complementation of both mutants with the whiB6 gene on a mycobacterial shuttle plasmid 416 reversed the upregulation of these genes and generally resulted in decreased expression levels 417 ( Figure 6A, B) . As expected, several genes that are associated with oxidative stress (ahpC, 418 ahpD, rebU) were found in the differently expressed gene pool. Also, the enrichment analysis 419 of the associated Gene Ontology terms for the differently expressed genes (dnaB, dinP) 420 reveal that WhiB6 may also regulate DNA replication or repair through regulating DNA-421 directed DNA polymerase and DNA helicase ( Figure S7 ). Another noteworthy gene affected 422 by whiB6 deletion is iniA, which is associated with cell wall stress induced by specific 423 antibiotics. Interestingly, whiB7 is within the whiB6-active gene set, which implies that 424 WhiB7 is active by, or works with WhiB6. Other than the whiB6-active gene set, 13 A remarkable finding in this study was that overproduction of PE35/PPE68_1 resulted 494 in a large increase in EsxA secretion. Previously, deletion of M. tuberculosis PE35 had 495 already been shown to abolish esxA transcription and secretion of the corresponding gene 496 product [34] . Here, we found that EsxA and PE35 secretion are linked, as an increase in PE3522 secretion resulted in a concomitant increase in EsxA secretion. The C terminus of PPE68_1 is 498 required for this effect, indicating that this is a specific process, which is consistent with the 499 fact that cell-surface localization of another ESX-1 substrate, namely, EspE, is unaffected by 500 overproduction of PE35/PPE68_1. It is possible that the PPE68 proteins serve as chaperones 501 to escort EsxA outside the bacterium, or these proteins, may be part of the secretion 502 apparatus, making the secretion of specific substrates highly efficient. 503
During M. marinum infection of human macrophages, we found that transcription of 504 many pe_pgrs and ppe family genes was strongly down-regulated when ESX-1 function was 505 abrogated. As many as 50% of all genes with decreased transcript levels in the esx-1 mutant 506 strain belongs to one of these gene families (Table S4) . Notably, in the wild-type strain, 507 transcription of the pe_pgrs and ppe genes was decreased during infection in comparison to 508 the levels observed during growth in 7H9 medium (Table S5 ). As part of an adaptive 509 response to the macrophage environment, expression of these cell-wall-localized proteins 510 may be down-regulated in order to evade immune recognition or to reduce cell permeability 511
[47]. The fact that in the absence of a functional ESX-1 secretion system these genes are even 512 further down-regulated suggests that there are functional links or shared transcriptional 513 pathways between ESX-1 and (some of the) PE_PGRS and PPE proteins, which are generally 514 ESX-5 substrates [48] . 515
Taken together, our results show that transcription of the espA locus plays an 516 important role in ESX-1 mediated processes during the first hours of infection. Furthermore, 517
we established a functional link between PE35 and EsxA secretion and provided evidence of 518 a regulatory role of WhiB6 in the transcription of ESX-1 substrates and associated genes. 519 520 
Materials and Methods
Infection of human macrophages
534
THP-1 monocytes were cultured at 37°C in 5% CO 2 in RPMI-1640 with GlutaMAX-535 1 (Gibco) supplemented with 10% FBS, 100 µg/ml streptomycin and 100 U/ml penicillin. 536
Cells were seeded at a density of 3 × 10 7 cells per T175 flask and differentiated into 537 macrophages by 48 hours of incubation with 25 ng/ml PMA (Sigma-Aldrich). Then, 1.8 × 538 10 8 THP-1 cells were infected with M. marinum at a multiplicity of infection (MOI) of 20 for 539 2 hours, after which the cells were washed with PBS to remove extracellular bacteria. After 4 540 additional hours of infection at 33°C, the THP-1 cells were lysed with 1% Triton X-100. 541
After a low-speed centrifugation step to remove cellular debris, mycobacteria were pelleted, 542 after which RNA was extracted as described in the following section. All primer sequences used for qRT-PCR are listed in Table S8 . 566
567
RNA preparation for Illumina sequencing
568
Total RNA was extracted with TRIzol (Invitrogen) and then purified on RNeasy spin 569 columns (Qiagen) according to the manufacturer's instructions. RNA integrity (RNA 570 integrity score ≥ 6.8) and quantity were determined on an Agilent 2100 Bioanalyzer (Agilent;  571 Palo Alto, CA, USA). As ribosomal RNA constitutes a vast majority of the extracted RNA 572 population, depletion of these molecules via RiboMinus-based rRNA depletion was 573 conducted. For mRNA enrichment, Invitrogen's RiboMinus Transcriptome Isolation Kit, 574 bacteria was used according to manufacturer's instructions. Briefly, 2 µg of total RNA 575 samples was hybridized with prokaryotic rRNA-sequence-specific 5′-biotin-labelled 576 oligonucleotide probes to selectively deplete large rRNA molecules from total RNA. Then, 577 these rRNA-hybridized, biotinylated probes were removed from the sample with streptavidin-578 coated magnetic beads. The resulting RNA sample was concentrated using the RiboMinus 579 concentrate module according to the manufacturer's protocol. The final RiboMinus RNA 580 sample was subjected to thermal mRNA fragmentation using the Elute, Prime, Fragment Mix 581 from the Illumina TruSeq RNA Sample Preparation Kit v2 (Low-Throughput protocol). The 582 fragmented mRNA samples were subjected to cDNA synthesis using the Illumina TruSeq 583 RNA Sample Preparation Kit (low-throughput protocol) according to the manufacturer's 584 protocol. Briefly, cDNA was synthesized from enriched and fragmented RNA using 585 SuperScript III reverse transcriptase (Invitrogen) and the SRA RT primer (Illumina). The 586 cDNA was further converted into double-stranded DNA using the reagents supplied in the 587 kit, and the resulting dsDNA was used for library preparation. To this end, cDNA fragments 588 were end-repaired and phosphorylated, followed by adenylation of 3′ ends and adapter 589 ligation. Twelve cycles of PCR amplification were then performed, and the library was 590 finally purified with AMPure beads (Beckman Coulter) as per the manufacturer's 591 instructions. A small aliquot (1 µl) was analysed on an Invitrogen Qubit and an Agilent 592
Bioanalyzer. The bar-coded cDNA libraries were pooled at equal concentrations before 593 sequencing on an Illumina HiSeq2000 using the TruSeq SR Cluster Generation Kit v3 and60.
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